Atmospheric rivers (ARs) exert major socioeconomic repercussions along the US West Coast by inducing heavy rainfall, flooding, strong winds, and storm surge. Despite the significant societal and economic repercussions of these storms, our understanding of the physical drivers responsible for their interannual variability is limited, with different climate modes identified as possible mechanisms. Here we show that the Pacific-Japan (PJ) teleconnections/ patterns and the East Asian subtropical jet (EASJ) exhibit a strong linkage with the total frequency of ARs making landfall over the western United States, much stronger than the other potential climate modes previously considered. While our findings indicate that the PJ pattern and EASJ are the most relevant climate modes driving the overall AR activity, we also uncover heterogeneities in AR tracks. Specifically, we show that not all ARs making landfall along the West Coast come from a single population, but rather that it is possible to stratify these storms into three clusters. While the PJ pattern and EASJ are major drivers of AR activity for two clusters, the cluster that primarily affects the US Southwest is largely driven by other climate modes [El Niño Southern Oscillation (ENSO), the Atlantic meridional mode (AMM), the Pacific-North America (PNA) teleconnection pattern, and the North Pacific Gyre Oscillation (NPGO)]. Therefore, important regional differences exist and this information can substantially enhance our ability to predict and prepare for these storms and their impacts. 
A tmospheric rivers (ARs), narrow regions in the lower atmosphere characterized by enhanced moisture transport, are of large interest because of their impacts on heavy rainfall and flooding (1) (2) (3) (4) , strong winds (5) , and storm surge (6) . This relationship is particularly strong for the US West Coast, where ARs play a significant role in determining water budgets (1) , including ending the most recent major drought event (7) . ARs play a central role in the extratropical moisture transport, leading to heavy precipitation and flooding events in western and central North America (4, 8) . In fact, ARs are responsible for almost all of the annual maximum flood peaks along large areas of the US West Coast (6) , including the January 1997 flood event that caused nearly two billion dollars in damage in California (9) and more than 550 million dollars in Nevada (10); they are also associated with strong winds causing multibillion dollar losses in Europe (7) . Because of their large impacts, there has been a rising interest in various aspects related to these events, ranging from their climate variability to their changes under a warming climate (2, 11) to the assessment of the atmospheric model performance in simulating ARs (12, 13) . Even though the impacts of ARs have a global reach (5, 14) , the US West Coast is the area of the world that has received the largest attention because of the strong control these storms have on precipitation and the role they play in terms of water resources in this highly populated area (1, 15) . Improved understanding of the climatic conditions controlling the frequency of landfalling ARs will improve their predictability at longer lead times, allowing better preparedness by water resource managers, public safety officials, and the general population.
Different studies have considered a variety of climate modes as the main drivers of these storms. For instance, the frequency of ARs making landfall over California was found to be closely associated with the Arctic Oscillation (AO) (16) , Pacific-North America (PNA) teleconnection pattern (16) , quasi-biennial oscillation (17) , and the Madden-Julian oscillation (18) . El Niño Southern Oscillation (ENSO) exerts only a weak control on the frequency of ARs making landfall over California (14, 16) , but influences the frequency of these storms over the Pacific Northwest and western Canada (14) . In addition, ENSO can modulate the latitude of landfall by exerting impacts on the subtropical jet (19) ; moreover, El Niño may lead to more AR landfalling dates over the US West Coast compared with La Niña (20) . Thus, the identification of a physical mechanism explaining the occurrence of these events at the seasonal scale has remained elusive. Here we suggest two reasons to explain these results: (i) the key climate modes have not been considered and we will show that the PacificJapan (PJ) pattern and the East Asian subtropical jet (EASJ) play a dominant role; (ii) all ARs are not created equal and their tracks should be stratified into different clusters, highlighting regional heterogeneities in terms of climate controls and impacts. To address these issues, we quantify the association between climate modes [e.g., Atlantic meridional mode (AMM) (21) , the Pacific Decadal Oscillation (PDO), ENSO, PNA, AO, and PJ] and the frequency of landfalling ARs after grouping all of the AR tracks into three groups using cluster analysis (22) . We acknowledge that Significance Atmospheric rivers (ARs) have major socioeconomic repercussions along the US West Coast due to heavy rainfall, flooding, strong winds, and storm surge. However, our understanding of the physical drivers responsible for their interannual variability is still limited, with different climate modes identified as possible mechanisms. Here we find that the Pacific-Japan teleconnections/patterns and the East Asian subtropical jet exhibit the strongest linkage with the total frequency of landfalling ARs affecting the western United States, much stronger than the other potential climate modes previously considered. We also uncover heterogeneities in AR tracks; specifically, not all ARs making landfall along the US West Coast come from a single population, but rather it is possible to stratify them into three main clusters.
there is intraseasonal variability in AR activity; however, here we focus on their year-to-year variation and their association with different climate modes. The PJ pattern represents the teleconnections propagating poleward from the tropical western Pacific with barotropic structures in the midlatitudes and has global impacts (23, 24) . The EASJ is a narrow and strong westerly belt over subtropical East Asia, which is tied to teleconnections affecting the weather and climate in Asia, the North Pacific, and North America (25) . By providing a "westerly duct" (26) , EASJ plays a crucial role in steering ARs (27) and Rossby wave breaking (28) , which is closely associated with ARs making landfall over the US West Coast (19, 20) . Fig. 1 shows the density of the AR tracks making landfall over the western North America (see Methods for details) during the months of September-March from 1980 to 2015 based on the Modern-Era Retrospective analysis for Research and Applications, Version 2 (MERRA-2) reanalysis data (29) . The AR tracks here refer to the 6-hourly snapshots identified by the AR detection algorithm (Methods). The highest track density of landfalling ARs is located in western Oregon and Washington (Fig. 1A) , but another area of increased AR activity branches off from this zone and affects California, with the overall AR density pattern resembling a "Y" rotated clockwise by 90°. This is accompanied by sea-surface temperature (SST) cooling in the North Pacific and warming off the US West Coast and weak SST anomalies in the tropical Pacific (Fig. 1B) . Moreover, the regression of moisture flux on the frequency of landfalling ARs features a cyclonic flow pattern in the northeast Pacific. The regression analysis is implemented by linearly regressing seasonal mean values of SST and moisture flux onto seasonal counts of ARs over the 1980-2015 period. In the tropical western Pacific, the regressed moisture flux is characterized by an anticyclonic pattern over the western North Pacific (the WNP anticyclone) and westerly flow over the tropical central and eastern Pacific (Fig. 1B) . The spatial pattern of regressed moisture flux bears a strong resemblance to that regressed onto the PJ pattern index (23, 24) (multiplied by −1) and that regressed onto the EASJ index (25) (Fig. 1 C and D; see Methods for the definitions of PJ and EASJ indices). The PJ index is significantly correlated with the EASJ (correlation of −0.84) for the period 1980-2015. Based on the results in Fig. 1 , we would expect the total frequency of landfalling ARs to be associated with the PJ pattern and the EASJ rather than with the classic El Niño ( Fig. 1 C and D) , consistent with previous studies (14, 16) showing a weak modulation of ENSO on ARs making landfall along the US West Coast.
Based on the results in Fig. 1A , it is reasonable to assume that there are different preferential AR track regions, similar to the findings of tropical cyclones (22) . Moreover, a trajectory model has been used to classify ARs into trajectory types along the US West Coast (30) . We identify three clusters from the AR tracks using finite-mixture-model-based cluster analysis (22) (Fig. 2) ; the ARs in each cluster have different tracks, making landfall in distinct parts of the US West Coast from different entry angles. Cluster 1 is characterized by the highest track density, with ARs that originate north of Hawaii and that mostly affect Washington, Oregon, and California from the southwest with curvature in their tracks. Cluster 2 has the lowest track density and tends to affect Northern California and has a mostly zonal track, with storms originating west of Hawaii. Finally, cluster 3 affects the US Southwest, in particular Southern California and Arizona, and it is characterized by ARs that originate the closest to the US coast among the three clusters. Given these differences in track density, origin, entry point, and angle, we investigated different climate processes at play for each of the clusters, with the expectation that the PJ pattern and the EASJ would still be the dominant ones. Fig. 3 shows the regression of SST and moisture flux on the frequency of ARs for each cluster. The SST anomalies for cluster 1 in the Pacific feature cooling in the North Pacific and warming close to the US West Coast, similar to the SST pattern responsible for EASJ (25) . The frequency of ARs in cluster 1 is significantly correlated with the PJ index (−0.35) and has a correlation of 0.27 with EASJ ( Table 1 ). The regressions of the 850-hPa wind fields onto the AR frequencies of the three clusters (Fig. 4 ) are largely consistent with the regressed moisture flux onto AR frequencies (Fig. 3) . The regressed 850-hPa wind onto the frequency of cluster 1 is similar to that for the 200-hPa wind (SI Appendix, Fig. S1 ), suggesting a key role of the upper-level jet stream in affecting these storms. The tripolar mode in zonal winds for cluster 1 is characterized by strong westerlies extending from southern Japan to the US West Coast (Fig. 4 and SI Appendix, Fig. S1 ) and bears strong resemblance to those regressed onto the PJ (multiplied by −1) and EASJ indices (SI Appendix, Fig.  S2 ), supporting the possible effects of PJ and EASJ on cluster 1. Acting as a "westerly duct," EASJ can strongly modulate ARs making landfall over the US West Coast by providing steering winds that allow ARs to move into the coastal region (27) and altering Rossby wave breaking in the North Pacific (19, 20) . Meanwhile, the PJ pattern is characterized by a tripolar mode extending to North America with strong signature in the subtropical jet stream, affecting AR activity (SI Appendix, Fig. S2 ).
Cluster 2 has significant associations with PJ, EASJ, and AO (Table 1) , with the results of the statistical analysis supported by the regression of moisture flux on the frequency of ARs in cluster 2 (Fig. 3) . The tripolar mode in zonal winds for cluster 2 is also characterized by strong westerlies extending from southern Japan to the US West Coast (Fig. 4 and SI Appendix, Fig. S1 ), bearing strong resemblance to those regressed onto the PJ (multiplied by −1) and EASJ indices (SI Appendix, Fig. S2) . Moreover, the regression of the sea-level pressure (SLP) onto the frequency of ARs in cluster 2 also has a typical AO pattern (SI Appendix, Fig. S3) .
Cluster 3 exhibits a significant positive correlation with Niño3.4, PNA, AMM, and NPGO, with correlation coefficients of 0.34, −0.48, −0.58, and −0.62, respectively ( Table 1 ). The significant association between cluster 3 and PNA is supported by the regression of the 500-hPa geopotential height and moisture flux onto the frequencies of ARs (SI Appendix, Fig. S4 ) in which a strong PNA pattern appears for this cluster. The significant correlation between ENSO and AR activity in cluster 3 is supported by the warming in the tropical Pacific (Fig. 3) and the similarity between the regression of 200-hPa wind onto the frequency of ARs in cluster 3 (SI Appendix, Fig. S1 ) and the responses to typical ENSO (31) (SI Appendix, Fig. S5 ). The significant correlation between NPGO (32) and cluster 3 (correlation of −0.62; Table 1 ) is supported by the dipole mode in the North Pacific shown in the regression of moisture flux onto the AR frequency and the correlation between SLP and the AR frequency in cluster 3 (SI Appendix, Fig. S3 ). The regressions of SST and moisture flux onto the frequency of ARs in cluster 3 ( Fig. 3) are opposite to those onto the AMM index (SI Appendix, Fig. S6 ), lending confidence to the strong association between cluster 3 and AMM.
In summary, there are strong tripolar modes in the 850-hPa and 200-hPa zonal winds for clusters 1 and 2, extending from southern Japan to the US West Coast, suggesting barotropic structures which are typical features of the PJ pattern (23, 33) and EASJ (25) . When the PJ pattern is in the negative phase during September-March, there is strong suppression of convection represented by reduced precipitation in the western and central Pacific. Such suppressed convection, tied to upper-level convergence, excites Rossby wave responses to the northwest (34), intensifying the upper-level EASJ (SI Appendix, Fig. S7 ). The boldface correlation coefficients represent those larger than or equal to 0.31 (∼0.05 level of significance).
The opposite is true when the PJ pattern is in the positive phase. Overall, the total frequency of ARs has a significant association with the PJ index and the EASJ index ( Table 1 ). The impacts of the PJ pattern and the EASJ on the ARs may be induced by the teleconnections tied to the strong upper-level westerlies (westerly duct) propagating from east of Japan to the US West Coast. Cluster 1 is tied to weak SST warming in the tropical Pacific and cooling in the central North Pacific. By contrast, ARs in cluster 2 are closely associated with cooling in the tropical Pacific while those in cluster 3 with PDO, NPGO, and ENSO; cluster 3 is also tied to PNA, which is strongly associated with the forcing of ENSO. Therefore, the total frequency of all ARs has a quite weak association with SST anomalies in the tropical Pacific (Fig.  1) because the SST anomalies associated with cluster 2 tend to offset those with clusters 1 and 3 (Fig. 3) .
Poisson regression is used to assess the performance of the climate modes (Table 2 and SI Appendix, Table S1) in representing the frequency of ARs in the three clusters. Because the PJ index is highly correlated with the EASJ index, we use either of them as predictor. The median of the Poisson regression model for cluster 1 using the PJ index as predictor has a correlation of 0.38 with respect to the observations (Fig. 5) , suggesting that the only variable can explain ∼15% of the total variability in AR frequency. The Poisson regression models for cluster 2 perform better than for cluster 1, with a correlation of 0.62 between the fitted and observed AR frequencies. The fitted Poisson regression model with PNA, AMM, Niño3.4, and NPGO for cluster 3 has the highest skill among the three clusters, with a correlation of 0.77, explaining 59% of the total variance in the AR frequency. The Poisson regression analysis for the total frequency of ARs performs well when PJ, EASJ, and NPGO are considered as the only predictor ( Table 3) . The Poisson regression model for the total AR frequency fitted with PJ, PDO, and NPGO has a correlation of 0.60 with the observed AR frequency (Table 3 and SI Appendix, Table S2 ). Overall, these very simple models that reflect the physical processes that we have identified to control the AR frequency can capture the year-to-year variations in AR activity across the western United States. Although the PJ index explains a large portion of the variance for ARs in clusters 1 and 2, it does not represent an important predictor for the frequencies of ARs in cluster 3, which impact Southern California and Arizona. Cluster 3 is more tied to SST forcing from the tropics and subtropics (i.e., ENSO and AMM) than other clusters, suggesting a major tropical origin. Therefore, the grouping of landfalling AR tracks by cluster analysis can add value to unraveling the climatic variability, compared with examining all of the AR tracks together. Overall, the PJ pattern provides the strongest linkage with the total frequency of the ARs making landfall over the western United States, with a correlation coefficient of 0.51 with respect to the observations when used as the only predictor; this is likely due to the fact that the PJ index is an important predictor for storms in clusters 1 and 2. The three clusters have different climate modes associated with their AR frequency, and they also exhibit different spatial patterns of precipitation (Fig. 6) . The AR precipitation in cluster 1 exhibits a positive correlation in the Pacific Northwest (extending into Idaho) and Northern California and an indication of negative correlation within the central and southern United States. Due to their entry location, ARs in cluster 2 tend to be positively correlated with precipitation in the Pacific Northwest and north California, with a weaker correlation than that observed for cluster 1. The activity in clusters 1 and 2 is strongly tied to the PJ pattern and EASJ, suggesting a strong linkage between these climate modes and precipitation by ARs in the western United States. Finally, the precipitation associated with the storms that belong to cluster 3 is mostly located in the US Southwest (i.e., California and Arizona), with negative correlations in the Pacific Northwest.
Here, we have highlighted that not all ARs are created equal, but rather that there are three main clusters which exhibit diverse features in terms of the shape of their track, origin, landfalling region, and associated precipitation anomalies. Compared with all of the AR tracks, those in each individual cluster show stronger association with tropical SST, and we have identified climate modes associated with each cluster and all landfalling ARs. At the same time, our analyses reveal that no single climate mode explains regional differences, and a much more nuanced interpretation of the results is necessary. Moving forward, improved understanding and predictions of the PJ pattern, EASJ, and NPGO should lead to improved predictions of AR activity and their associated impacts across the western United States, in particular in relation to the mitigation of flood risk and to the adequacy of the water supply. While this is true for much of the US West Coast, we have also highlighted regional differences in terms of the AR-climate connection that must be considered to improve our response and preparedness at more local and regional scales. Given the projected strong increase in AR-related moisture transport to the Pacific Northwest (35), our findings can provide insights into the projection of potential changes of ARs in the future.
Methods
Data. The AR tracking is based on the 6-hourly MERRA-2 reanalysis data for the period 1980-2015 with a spatial resolution of 0.625°× 0.5° (29) . The ARs are also tracked from 6-hourly European Centre for Medium-Range Weather Forecasts Interim Reanalysis (ERA-Interim) with a spatial resolution of 0.75°× 0.75°for the same period (36) . Because the results based on MERRA-2 are generally consistent with those derived from ERA-Interim (the main difference is for cluster 3 and the enhanced track density affecting the US Pacific Northwest; SI Appendix, Figs. S8 and S9), we focus our discussions on the findings based on MERRA-2. We consider ARs that occur from September-March during 1980-2015.
The SST data are obtained from the Met Office Hadley Center (HadISST1.1) (37). Variables such as SLP, wind fields, and geopotential height are obtained from MERRA-2 reanalysis. We use the Climate Prediction Center (CPC) Unified Gauge-Based Analysis of Daily Precipitation over the contiguous United States, which has a spatial resolution of 0.25°× 0.25°and is available from 1948 to the present (38) . The PDO index is derived as the first principal component of monthly SST anomalies in the North Pacific Ocean (20°N-60°N) (39) . The Niño3.4 index is defined as the SST anomalies averaged over 5°S-5°N and 170°W-120°W. The AMM is defined as the leading The boldface correlation coefficients represent those significant at 0.05 level. singular value decomposition of surface wind fields and SST in the tropical Atlantic (40) . The AO and PNA indices are directly downloaded from the CPC website. The NPGO is defined as the second mode of sea-surface height anomalies in the North Pacific (32), characterized by a dipole mode. The index used to represent the PJ teleconnections (i.e., the PJ index) is defined as the difference in 850-hPa geopotential height anomalies (Z850) between the grid (22.5°N, 125°E) and the grid (35°N, 155°E) , showing a robust capability in capturing essential features of the PJ teleconnections (24, 41) . The EASJ index is defined as the area-averaged 200-hPa zonal wind (U200) over 30°N-35°N and 130°E-160°E covering the area within which all of the EASJ maxima appear (25) . where q is specific humidity, while u and v are zonal and meridional wind (ms −1 ); g is the acceleration induced by gravity (9.81 ms −2 ), and dp (Pa) is the difference of pressure between two adjacent vertical levels. The US West Coast (26°N-50°N) is approximated on the basis of longitudes from MERRA-2, similar to ref. 4 . We assume that there are differences in the IVT magnitudes at different latitudes (e.g., 26°N and 50°N). Therefore, we subdivide the latitude range into six bins each with an interval of 4°. In each bin, the 85th percentile of the daily averaged (based on 6-h time steps) IVT distribution from September to March during 1980-2015 is used as the threshold for the identification of these storms. At each time step, if the maximum IVT along the US West Coast is above the threshold, the IVT value and the corresponding coordinate (latitude and longitude) are recorded. Then, the algorithm searches eastward and westward for grids with IVT exceeding the threshold at a step of one zonal grid (0.625°). For each zonal step, the tracking algorithm finds the maximum IVT of the grids within three-grid distance (around 2°) on both equatorward and poleward sides. If the maximum IVT of these grids exceeds the threshold, we save the longitude and latitude and the maximum IVT, from which we search for the next grid. The search continues until there is no grid with surrounding maximum IVT exceeding the threshold. We applied the following two criteria for the AR identification: (i) a persistence of three 6-h time steps (18 h), and (ii) a length of at least 2,000 km. We have also performed a sensitivity analysis to examine the impacts of the 18-persistence criterion and of the selection of a fixed threshold of 250 kgm −1 ·s −1 (42), obtaining similar results to those presented here. Cluster analysis is based on the finite-mixture-model (22) . We choose three as the number of clusters because four clusters did not add a new shape type of AR tracks. 
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